Previous experiments have indicated that reproductive function in lean, modern genotypes may be more dependent on body protein mass than, as previously believed, on body lipid reserves. This was investigated in a 3 × 2 factorial arrangement of treatments, involving 60 first-parity sows, comparing three pregnancy feeding strategies and two lactation diets. During pregnancy, sows were fed either a basal diet (5 g lysine/kg, 13 MJ of DE/kg [C]) or the same quantity of basal diet + energy source [E], or additional basal diet supplying both protein and energy [A]. The level of supplement for E and A was adjusted weekly to achieve a backfat thickness measurement (P 2 position) of 28 mm at farrowing. Isoenergetic lactation diets were fed to appetite and provided either high (180 g CP/kg, 9 g lysine/kg [H]) or low lysine (120 g CP/kg, 6 g lysine/ kg [L]). From d 21 of lactation, sows were separated from their litters and housed next to a boar for 8 h each day; final weaning occurred on d 31. Pregnancy treatment differences in backfat and weight were achieved, with C sows having less backfat on d 1 of
Introduction
The body reserves of sows at the time of farrowing can exert a large influence on their performance in lactation and subsequent rebreeding. Initially this was believed to be attributable to the role of body lipid reserves. However, more recent experiments Edwards, 1998; Sinclair et al., 1998) have indicated that reproductive function in lean, modern genotypes of pigs may be more dependent on body protein mass.
Early experiments (Lee and Mitchell, 1989; Mullan and Williams, 1989; Yang et al., 1989 ) investigated the 2397 lactation than E and A sows (E = 28.1, A = 28.0, C = 22.7 kg, P < 0.001). Sows fed additional basal diet were heavier than E sows, which were heavier than C sows (E = 190, A = 201, C = 178 kg, P < 0.001). Average feed intake over lactation showed a pregnancy feeding effect, with E sows eating less than A or C sows (E = 4.9, A = 5.2, C = 5.4 kg/d, P < 0.005). Total lactation weight loss was affected by pregnancy feeding (E = 18.0, A = 19.0, C = 8.4 kg, P < 0.05) and by lactation diet (L = 19.0, H = 11.3 kg, P < 0.05), whereas total lactation backfat loss was affected only by pregnancy treatment (E = 6.9, A = 6.5, C = 4.6 mm, P < 0.05). No pregnancy treatment or lactation diet effects were observed for litter performance. Lactation diet affected weaning-to-estrus interval, with more sows on the H diet coming into estrus within 6 d of partial weaning (P < 0.05), but there was no pregnancy treatment effect. Therefore, voluntary feed intake during lactation was suppressed by increased fat reserves at a limited body protein mass but not when body protein mass was also increased. Partial weaning-to-estrus interval was increased by reduced dietary protein.
effect of differential fatness at farrowing by adjusting total feed intakes; however, in those experiments there were also large associated differences in protein mass, which could confound the interpretation of the results. More recent experiments (Sinclair et al., 1999a) have set out to achieve the comparison of animals with similar protein masses but differential fatness by feeding a set quantity of dietary protein and supplementing some animals with an energy source. However, no experiment has yet been designed to independently achieve differential body reserves of both protein and fat at farrowing by different feeding strategies during pregnancy and to measure the interactive effect of dietary protein during lactation on subsequent nutrient partitioning.
It has been shown that dietary protein restriction in pregnancy can reduce lactational performance. Kusina et al. (1994) found that lactational performance could be increased by feeding a gestation diet with lysine levels higher (16 g/d) than those proposed by NRC (1988) .
The hypothesis tested in this experiment was that, if there is an increase in body protein mass at farrowing, gilts will increase partitioning of nutrients into milk and reduce the latency to estrus, whereas increase in body lipid mass in a protein-limiting situation will not show benefits.
Materials and Methods

Experimental Design
The experimental design was a 3 × 2 factorial comparing three pregnancy feeding regimens and two dietary protein levels during lactation. The experiment involved 60 Landrace × Large White first-parity sows.
Sow Feeding and Management
Gilts were selected at 6 wk after service (following positive pregnancy diagnosis). They were housed in groups of six in straw yards with individual feeders. All sows were individually fed in gestation. Three pregnancy feeding regimens were implemented. The first regimen was the control regimen (C), in which sows were fed a quantity of a basal diet (5 g lysine/kg, 13 MJ of DE/kg) that allowed enough nutrients for maintenance (Whittemore and Fawcett, 1976; Whittemore and Yang, 1989; Whittemore and Morgan, 1990) , conceptus growth and maintenance , and mammary tissue development Noblet et al., 1985; Williams et al., 1985) Sows in the second regimen (E) were fed the same scale of basal diet as C sows but were given an energy supplement (70% maize starch + 30% soy oil, mean amount fed was 1.64 kg/d, SEM 0.079) to enable backfat thickness to be increased to 28 mm P 2 . This was designed to yield animals with a protein mass similar to that of those on the C regimen but with greater lipid reserves. Sows in the final regimen (A) were fed the same scale of basal diet as C sows, but to increase the backfat thickness to 28 mm, these sows had their feed supplemented with additional basal diet (mean amount of extra basal fed was 1.76 kg/d, SEM 0.014), supplying both energy and protein, such that these sows would have a lipid mass similar to that of sows on regimen E but a greater total protein mass.
Sows were weighed and had backfat thickness (P 2 site) was measured 6 wk after service. Backfat and live weight were measured weekly thereafter, and the feed level of each sow was modified with the aim of attaining the target backfat level at farrowing. The E or A supplements were individually adjusted according to current and target body composition.
One week before farrowing, sows were moved to the farrowing house and housed in farrowing crates. During lactation, one of two lactation diets was fed, either low protein (6 g lysine/kg [L]) or a high-protein diet (9 g lysine/kg [H] ). Both diets had the same energy content (14.5 MJ of DE/kg) and were formulated with similar ingredients. Composition of the experimental diets is given in Table 1 . From 3 d before farrowing, sows were fed 3 kg/d of their allocated lactation diet. Beginning immediately after farrowing, they were fed twice daily to appetite; this was achieved by offering 3.0 kg on the day of farrowing and increasing the amount offered by 0.5 kg/d. If the sow refused more than 1.0 kg/d the feed level was not increased for the subsequent day. All feed refusals were weighed and samples were then frozen to allow subsequent determination of dry matter content. Sows were weighed and had backfat thickness measured on d 1 of lactation, weekly thereafter, and finally on d 31. Lipid and protein mass of sows was calculated using the equations of and Mullan and Williams (1988b) , respectively:
To investigate the response of the reproductive axis to metabolic state, this experiment partially lifted the suckling suppression by removal of piglets for part of each 24 h. By maintaining a partial suppression, it was envisaged that the spread in response to metabolic stimuli would be more pronounced than is the case with abrupt weaning. After 21 d of lactation, the sows were removed from their piglets for an 8-h period each day (0800 to 1600) and housed in groups adjacent to mature boars. Estrus detection was carried out twice each day. If sows showed standing estrus they were served by a boar twice daily for the duration of estrus. Final weaning occurred 10 d after onset of partial weaning. Lactation length (31 d) and housing and management practices were standardized for all groups. One sow from treatment EH was removed from the experiment due to illness on d 21.
Litter Performance
Litter sizes and individual piglet weights were recorded within 24 h of farrowing. All piglets were given an iron injection and had their needle teeth and tails clipped within 3 d after birth. Litter size after fostering for each sow was determined by the number of functional teats (assessed by the stockperson). The piglets were weighed weekly and any cross-fostering that took place was recorded. Cross-fostering was within treatment when possible. Any piglets that were showing extreme loss of body condition were fostered off to nonexperimental sows. Any deaths or veterinary treatments were recorded. Piglet creep feed was provided from 21 d after farrowing (at partial weaning). The amount offered and refused was recorded. Piglets had free access to water at all times. Provided the following per kg of diet: vitamin A, 12,000 IU; vitamin D, 2,000 IU; vitamin E, 75 IU; vitamin K, 2.5 mg; folic acid, 3 mg; nicotinic acid, 20 mg; pantothenic acid, 10 mg; riboflavin, 4 mg; vitamin B 12 , 20 g; pyridoxine, 2.5 mg; biotin, 250 g; thiamine, 1.5 mg; I, 2 mg; Co, 0.5 mg; Se, 0.25 mg; Cu, 15 mg; Fe, 100 mg; Mn, 50 mg; Zn, 100 mg.
Milk Composition Measurement
Milk samples were collected from all sows on d 4, 11, 18, and 25, during the morning feeding. The sows were injected with 20 IU of oxytocin intramuscularly into the neck muscle and milk (20 mL) was manually expressed from all functional teats. Milk samples were analyzed for total solids, protein, fat, and lactose.
Statistical Analysis
Treatment effects were assessed using two-way analysis of variance; the factors examined were pregnancy treatment and lactation diet. The significance of differences between individual means was assessed by the Least Significant Difference test. The effect of litter size and weaning-to-conception interval on the results was tested by covariance analysis. Treatment differences in the proportion of sows that were served and conceived within given time intervals were assessed by the chisquare test.
Results
Sow Live Weight and Fatness
At allocation (d 42 of gestation) there were no differences in live weight (E = 158, A = 159, C = 154 kg, SEM 2.4 kg, P = 0.89) or backfat (E = 17.0, A = 16.4, C = 17.6 mm, SEM 0.80 mm, P = 0.79) among treatment groups. Maternal weight gain during pregnancy showed a treatment effect, with A sows gaining more weight than E sows, which gained more weight than C cows (E = 32, A = 44, C = 22 kg, SEM 3.3 kg, P < 0.001). Maternal backfat gain also showed a pregnancy treatment effect, with E and A sows gaining more backfat than C sows (E = 11.2, A = 11.8, C = 4.9 mm, SEM 0.78 mm, P < 0.001).
Pregnancy treatment differences in backfat and weight at farrowing were achieved as planned, with C sows having less backfat on d 1 of lactation than E or A sows (E = 28.1, A = 28.0, C = 22.7 mm, SEM 0.66 mm, P < 0.001) ( Table 2 ). These differences were also reflected in the calculated body lipid masses (E = 71, A = 75, C = 58 kg, SEM 1.6 kg, P < 0.001) on d 1 of lactation (Table 3) . Sows of A regimen were heavier than E sows which, were heavier than C sows (E = 190, A = 201, C = 178 kg, SEM 2.8 kg, P < 0.001). This was also reflected in differential calculated protein masses (E = 23.8, A = 25.1, C = 23.2 kg, SEM 0.31 kg, P < 0.001).
Average feed intake over the first 21 d of lactation (Table 2) showed a pregnancy treatment effect (E = 4.9, A = 5.5, C = 5.7 kg/d, SEM 0.14 kg/d, P < 0.001), with E sows eating less during lactation than A or C sows. Feed intake (d 21 to 31) showed a pregnancy treatment × lactation diet interaction (P < 0.05); H increased intake in A sows, decreased intake in E sows, and did not affect intake in C sows (Table 2) . Average lactation feed intakes over 31 d were affected by pregnancy treatment, with E sows having a lower intake than A or C sows (P < 0.005). No lactation diet effects (P = 0.85) were observed on total feed intakes. The intake curves for A and C sows were almost identical for most of lactation (Figure 1) .
Weight loss during the first 21 d of lactation was affected by pregnancy treatment (P < 0.05) and by lactation diet (P < 0.05), whereas backfat loss was affected Effect of gestation treatment (P < 0.05).
c Effect of lactation diet (P < 0.05).
by pregnancy treatment (P < 0.05) but not lactation diet (Table 2) . Total lactation weight loss was affected by pregnancy feeding (P < 0.05) and by lactation diet (P < 0.05), whereas total lactation backfat loss was again affected only by pregnancy treatment (P < 0.05) ( Table  2) . Neither pregnancy treatment nor lactation diet affected weight (P = 0.22, P = 0.88) or fat loss (P = 0.99, P = 0.82), respectively, between d 21 and 31 of lactation. The effect of pregnancy treatment on calculated maternal protein losses over the 31-d lactation (Table 3) approached significance (E = 2.5, A = 2.7, C = 1.8 kg, SEM 0.28 kg, P = 0.074). Lipid losses showed the same pregnancy treatment effect (E = 17.5, A = 17.8, C = 9.4 kg, SEM 1.61 kg, P < 0.005) as observed in change in P 2 levels, with E and A sows losing more backfat than control sows. As would be expected, sows fed the lowprotein diet lost more body protein than those fed the high-protein lactation diet (P < 0.005). Sow lipid loss was unaffected by lactation diet (P = 0.26), as was the case with sow P 2 backfat levels.
Milk Composition
As shown in Table 4 , milk fat content was affected by lactation diet (P < 0.05); a high-protein lactation diet (Table 4) was affected by lactation diet (P < 0.05), with the high-protein diet resulting in a higher protein content in the milk. No pregnancy treatment effects (P = 0.46) were observed on milk protein content. Milk protein percentage (Figure 2) decreased until partial weaning and then showed an slight increase. Milk lactose content (Table 4) did not show any pregnancy treatment (P = 0.69) or lactation diet (P = 0.82) effects.
Reproductive Performance
Neither litter weight at birth nor average piglet birth weight (with litter size covariate) was affected by pregnancy treatment (E = 1.53, A = 1.50, C = 1.44 kg, SEM 0.04 kg, P = 0.30) ( Table 5) . Pregnancy treatment and lactation diet did not affect litter weaning weights (P = 0.86, P = 0.78) or creep feed intake (P = 0.55, P = 0.69), respectively (Table 5) . Effect of lactation diet (P < 0.05).
As shown in Table 6 , lactation diet affected weaningto-estrus interval; more sows on the H diet come into estrus within 6 d of partial weaning (P < 0.05), but there was no pregnancy treatment effect (P = 0.23). Subsequent litter size (total piglets born) showed a pregnancy treatment × lactation diet effect (P < 0.05), with the H diet reducing subsequent litter size in E but increasing litter size in A. Subsequent litter size showed a positive correlation (P < 0.05, R = 0.275) with partial weaning-to-conception interval. Sows conceiving before final weaning had fewer piglets born than those conceiving after final weaning (10.3 vs 12.3, SEM 0.55, P < 0.05) (Table 6 ). However, when subsequent litter size was analyzed with weaning-to-conception interval as a covariate, a treatment × diet interaction still existed (EL = 12.7, EH = 10.0, AL = 8.9, AH = 12.4, CL = 9.4, CH = 9.6, SEM 1.1, P < 0.05).
Discussion
The intended body composition changes were to a great extent achieved in the present study, with E sows having fat reserves similar to those of A sows, but the A sows having more protein reserves than E or C sows. Voluntary feed intake during lactation was suppressed by increased fat reserves at a limited body protein mass but not when body protein mass was also increased. Few other experiments have looked at the influence of body fatness at a constant body protein level, and caution must be used when comparing results because of uncertainty in estimation of body composition from live animal measures using prediction equations that may be breed-specific. Revell et al. (1998) found that an increase in P 2 from 17.9 to 24.3 mm resulted in a decrease in lactation feed intake of 1.6 kg/d in primiparous sows; in this experiment the fatter sows were calculated to have about 6 kg less lean than lean sows. Mullan and Williams (1989) found a significant negative correlation (r = −0.52, P < 0.001) between backfat on d 1 of lactation and feed intake during lactation in gilts when body fat was increased by increasing feed intake. The results in the present experiment indicate that it is the interac- Pregnancy treatment × lactation diet effect (P < 0.05).
c Natural logarithm of the number of days.
tion of absolute maternal lipid and protein masses that governs voluntary feed intake during lactation. Sows with high maternal body fat at a limited maternal protein level that had reduced feed intake (and therefore reduced protein and energy intakes) had an increased lipid and weight loss compared to control sows. As in other experiments, the restriction of feed intake (or lower voluntary food intake) in lactation in sows with adequate body reserves did not seem to restrict piglet growth (Reese et al., 1984; Armstrong et al., 1986) . Sows are able to compensate for low feed intake by increasing the mobilization of their own body reserves (Noblet and Etienne, 1986) to provide for milk production. As would be expected, feeding a low-protein diet during lactation resulted in increased body protein and consequently in weight loss, but sows' body lipid loss was unaffected by lactation diet. These results are consistent with our previous findings (Sinclair et al., 1996) .
In agreement with Lee and Mitchell (1989) , the present study shows that there was no significant effect of energy or protein intake during pregnancy on piglet birth weight. Some experiments that have manipulated body reserves at farrowing have shown an increase in piglet birth weight when more feed is offered in pregnancy (Mullan and Willliams, 1989) . This may reflect the difference in feed level between treatments relative to the maintenance requirement of the gilt, because some indication of an effect was seen in the present experiment.
Litter growth rate was unaffected by pregnancy treatment or lactation diet. This is in agreement with previous experiments (Sinclair et al., 1999a) . However other experiments have found different results. Yang et al. (1989) observed that sows with backfat thickness of 20 mm at farrowing reared piglets that had higher growth rates than sows with a backfat of 12 mm when given restricted feed in lactation. This was particularly apparent in gilts (fat: 195 g/d, thin: 160 g/d), which would suggest that lean animals partition fewer nutrients into milk, particularity if they have a high growth potential (e.g., gilts). In this experiment the gilts were made fatter by increasing the amount of feed, and hence energy, offered (as in the A vs C comparison). Another way to manipulate backfat is by increasing or decreasing the protein content in the diet but feeding the same level of energy. Using this method, Ranford et al. (1994) found no influence of body fatness on milk composition but did find that estimated milk yields were lower for fat gilts when a low-protein (7.8% CP) lactation diet was fed. This effect was not seen in fat and lean gilts fed a high-protein diet (19% CP). No such interaction was observed in the present experiment, in which less extreme protein restriction was applied.
In the present experiment, lactation diet affected milk composition throughout lactation. Milk fat content was increased by providing higher dietary protein during lactation, suggesting enhanced ability to utilize fat reserves for lactation when provided with additional protein. This was not reflected in greater litter weight gain, indicating either reduced milk yield or changed body composition of piglets. In Australian work, feeding a high-protein lactation diet to fat sows (Ranford et al., 1994; Revell et al., 1995) resulted in the nonsignificantly highest milk fat content (62 vs < 54 g/L) but animal numbers were too small for production effects to be assessed adequately. In the present experiment, increased dietary protein during lactation increased protein in the milk. Most workers have found protein content in the diet to have little effect on milk protein, except at extreme levels (239 to 857 g CP/d) (King et al., 1993) , although it is possible that modern genotypes are more sensitive to protein restriction because this result was also observed in a previous experiment (Sinclair et al., 1999b) .
It was noted that piglet growth rates were very poor after partial weaning; this would be expected because the piglets adjusted to less milk and the addition of a creep diet. The ability to achieve concurrent pregnancy and lactation has been shown to be affected by partial weaning, social grouping (Petchey and Jolly, 1979; Rowlinson and Bryant, 1982) and boar exposure (Petchey et al., 1978; Rowlinson and Bryant, 1982) , gonadotropin treatment (Hausler et al., 1980; Britt et al., 1985) , and ad libitum intake (Rowlinson et al., 1975; Rowlinson and Bryant, 1982) . In the present experiment it was found that the combination of boar exposure, lactation feeding to appetite, and partial weaning resulted in lactational estrus being observed in over 65% of the sows. Partial weaning-to-estrus interval was increased by reduced dietary protein, an effect associated with greater lactation weight loss and greater fat utilization for milk production. This was more marked in animals with lower initial protein mass. With relatively low numbers of sows on each treatment subsequent litter size data are of limited importance. However, differences in subsequent litter size seemed to reflect both direct effects of dietary protein and indirect effects of the modified partial weaning-to-conception intervals. The differences observed in litter size are probably influenced by the fact that 80% of EL sows did not actually conceive until after partial weaning. By allowing weaned sows ad libitum access to a commercial lactation diet, a better metabolic state at the time of service was visualized. When the litter sizes were analyzed separately for sows conceiving before and after final weaning it was found that those conceiving after weaning had significantly more piglets (12.3 compared to 10.3 piglets). However, this did not fully explain the differences observed; when weaning-to-conception interval was added as a covariate to the subsequent litter size analysis, a treatment × diet interaction was still observed.
The mechanisms controlling resumption of ovarian activity are not fully understood, but prompt return to estrus after weaning seems to be associated with high LH concentration during lactation (Shaw and Foxcroft, 1985) . King and Martin (1989) found a lower LH mean concentration immediately prior to weaning and after weaning in sows given a lower protein intake in lactation, as would have been the case with sows in the present experiment. These results suggest that the weaning-to-estrus interval is influenced by the pattern of LH secretion around the time of weaning. The release and activity of gonadotropins (LH and FSH) is probably controlled through the concentration of metabolites and metabolic hormones (insulin, IGF-I, and growth hormone) in the serum and tissues (Foxcroft et al., 1995) . The mobilization of protein and lipid stores, as observed in sows fed low protein in the present experiment, to supply the glucogenic precursors for milk production is associated with progressively decreasing plasma insulin and IGF-I concentrations and increasing glycerol, GH, and cortisol concentrations (Baidoo et al., 1992) . Separation of the sow and litter for period of 4 h or more per day has been shown to decrease prolactin and increase basal LH concentrations, as would be expected when the suckling stimulus is lifted.
Implications
Gilts with a high genetic potential for protein deposition show increased sensitivity to inadequate protein intake during lactation. This cannot be ameliorated by modified nutrition during pregnancy to give greater body protein reserves at the onset of lactation. Voluntary feed intake during lactation is suppressed by increased fat reserves at a limited body protein mass but not when body protein mass is also increased. Thus, nutritional modifications designed to differentially increase lipid reserves of gilts of lean genotype are detrimental to performance.
